Strain meters aligned along Queensbury Tunnel show amplitude variations of the diurnal tides of up to a factor of three, with smaller variations in phase. These observations are not easi!y explained because the semi-diurnal tides have different and smaller variations. The strain variations may be caused by local geological structures, but more observations and calculations are needed to test this hypothesis.
Introduction
If earth strain observations are to be used to study the Earth's free oscillations, tectonic strain accumulation and release and tidal loading it is important that the strain meters should be carefully sited to measure earth strain with the minimum distortion from local imhomogeneities. Though King (1971) has discussed the properties that such a site should possess in some detail there appear to have been few attempts to discover whether these conditions are satisfied in practice. A survey that has been carried out by Kuo & Ewing (1966) of the tidal gravity field in the eastern United States found rather large lateral variations in amplitude for which they offered no explanation. No similar experiments appear to have been carried out on the strain field, probably because of the difficulty and expense of installing strain meters. We therefore decided to use several 10 metre wire strain meters (King et al. 1969; ) to investigate the tidal strain variation in the vicinity of Queensbury Tunnel in Yorkshire. This site had originally been selected for strain measurements because the tunnel passes through weak coal measure deposits with shallow dips (Figs 1 and 2 ). Such geological conditions would not be expected to produce large local variations in the tidal strain field (King 1971) , and the fact that they occur at this site suggests that they may be more widespread than has previously been believed.
The strain meter array
Five strain meters and a microbarograph were installed at various positions ( Fig. 1) in Queensbury Tunnel. All strain meters were aligned along the axis of the tunnel and therefore the observed strain should not be distorted by its presence (King & Bilham 1973) . One of the instruments used was the original wire strain meter installed by Sydenham (1969) whose record was analysed in some detail by , hereafter called I. This strain meter was attached to the tunnel wall with bolts. Three model C and one model D wire strain meters were also used, all of which were laid on the fill on the tunnel floor in a bed of sand. The outputs from the five strain meters and the microbarograph were recorded on one multi-channel recorder, and the strip chart digitized in the manner described in I. The model C and D strain meters were calibrated by comparison with a standard instrument to within an accuracy of 5 per cent. The Sydenham instrument was calibrated differently and less accurately. The microbarograph calibration is known to be better than 10 per cent.
Strain tide variations
The relationship between the observed complex amplitude H ( f ) and that expected, G(f), from the gravity field of the Sun and Moon acting on a spherically symmetric earth may be described by where r ( f ) is the complex admittance. G(f) was calculated in the manner described in I, and r obtained from the observed and calculated strain in two ways. The first, method A, was that used in I. The Fourier transform of the whole of both strain series is first obtained, then r ( f ) obtained from the ratio of the complex amplitudes. The advantage of this method is that it has good resolution in the frequency domain, and if r ( f ) varies rapidly as a function of frequency (f) this may be important. One disadvantage of this method is that it assumes that the coherence between G and H is 1. Hence any noise present in H will affect the estimate of r. The amplitude and phase of r so obtained are given in Table 1 .
The other method, B, used to obtain r was to break each strain series into five blocks of equal length and then to transform each block individually. From the resulting values of H ( f ) and G(f) estimates of r ( f ) and of the coherence could be obtained (Munk & Cartwright 1966) and are given in Table 2 . The value of the coherence has been corrected for the finite number of blocks.
This method has the disadvantage of low resolution in the frequency domain, and since only between five and six months of observations were available, not more than five blocks could be used if the major tidal lines were to be clearly resolved. The differences between the two tables are in most cases small, but since the values in Table 2 are probably more accurate they are used for all lines except S,, K, in Fig. 1 and in the comparisons. S,, K, was not resolved from the M , peak using method B, and therefore the value from Table 1 is used.
The amplitude and phase of r for the four major tidal peaks is plotted in Fig. I as a function of distance along the tunnel. The amplitude of the diurnal strain tides varies by approximately a factor of three, whereas the semi-diurnal tides only vary by about 30 per cent. Excluding the Sydenham results, the phase variation of the diurnal tide reaches 16" for K, but is only 6" for M , . Since the intercalibration between all strain meters except that built by Sydenham is probably accurate to better than 10 per cent, the amplitude variation of all four tides is greater than the likely experimental error. However, even if the error in intercalibration is much greater than 10 per cent it is obviously not possible to remove the variation of both diurnal and semi-diurnal tides by choosing a scaling factor for each instrument. The variations in diurnal phase are also probably significant since timing errors are unlikely to exceed 10 minutes, or 2 q , and all the strain meters were recorded on the same chart. The variation in the phase of M , is unlikely to be significant, since there are small differences between Tables 1 and 2 for the same record and they are similar in size to the phase variation along the tunnel.
The diurnal strain anomaly is most likely to be the result of the suppression of diurnal strain at the centre of the tunnel, rather than its amplification at the ends. The anomaly must be of this form because the load tides in England at diurnal frequencies are small due to small 0, and K , tides in the surrounding seas. Hence, for these tides Irl * 1 and its phase should be small. This result is in reasonable agreement with the observations from C4 and C6, but not with the three instruments near the middle of the tunnel. The presence of the anomaly on the records of three instruments shows that it is not likely to be the result of poor coupling to the ground. Furthermore, if this effect were present it would be expected to change Irl of the semi-diurnal tides also. Another obvious explanation is that the strain is affected by the surface topography, but this appears unlikely because the slopes are nowhere very great (Fig. 1) .
The most likely explanation of the greater variation in amplitude of the diurnal than of the semi-diurnal tides is the difference in the strain fields produced by type 2 and type 3 tides. If the potential field at the Earth's surface giving rise to a type 2 tide is (2) 3 sin 28 ei+ a Z 1 ( u , t)
where a is the radius of the Earth, t the time, 8 the colatitude and @,'(a, t) = constant x e'"', 4 the longitude then the extension E in some direction with azimuth $ (positive eastward) to the north is 3 2a
where h,, 1, are the appropriate Love numbers. Since both the potential and E must be real, only the real part of (2) and (3) write both in complex form to display the part of E which is in phase with the potential, the first term in the square brackets of (3), separately from the term which is in quadrature, the second term in the square brackets. A similar calculation may be carried out for a type 3 tide generated by a potential 3(1 -COS 2e) e2'+ mZ2(a, t ) (4) giving an extension shows that the east-west strain for a type 3 tide vanished at latitude 52" 11' or very close to that of Queensbury at 53" 46'. The terms in square brackets in (3) and ( 5 ) at the latitude of Queensbury are plotted in Fig. 2 as a function of orientation, and show the extension expected if the region is laterally homogeneous. Geological mapping (Fig. 2) shows a complicated fault structure which is well known from coal mining activities in the area. These faults could cause inhomogeneities in the strainfield which effect type 2 tides less than type 3 tides measured in the azimuth of the tunnel.
Another effect which could alter earth tides with a large component of areal strain is the extent to which cracks in the rock are filled with water. Since the water table is closely related to surface topography, such an effect could explain the spatial variation of the observed tidal amplitudes. Since variations in porosity have recently been shown to affect the ratio of compression to shear wave velocity near earthquake hypocentres, similar variations in tidal amplitudes might be of importance in earthquake prediction.
Instrumental effects
The measurement of strain in Queensbury with several instruments of different design provided an opportunity to compare their behaviour. The power spectra (Fig. 3) of the five instruments show that there is considerable energy between the tidal bands. We thought it possible that pressure fluctuations might produce background noise of this type and therefore recorded the pressure in the tunnel with a microbarograph. However, the coherence between the pressure and strain records was not significant except at 2 cycles a day, nor are the strain records from different strain meters coherent outside the tidal bands near 1 and 2 cycles a day. Therefore the background noise must be produced either by some instrumental effect such as creep in the wire, or by local strain variations. We plan further investigations into the origin of the noise, since its removal would greatly improve the usefulness of the strain meters, as detectors of secular strain and long period earth tides. Fig. 3 also shows that the changes in design have made some improvement in the noise level, the Sydenham design being the noisiest and model D the quietest of the instruments used.
The coherence between the atmospheric and strain tides at 2 cycles a day is expected because both are the result of the Sun. Therefore even if the atmospheric tide does not affect the strain meters directly or indirectly the two tides should still be coherent. That the atmospheric tide does influence the observed strain is most clearly seen in the amplitudes and phases of the tides in Table 1 of I, where the frequency resolution is sufficient to separate S, and K,. The large variation in the phase of r between the two tides could not result from oceanic tidal loading alone because the shelf seas around Great Britain do not show sufficiently narrow resonant peaks. The same result is apparent in the behaviour of M, and S,, K , in Table 1 , but is not so obvious because the frequency resolution is poorer than in I. The pressure variation can produce real or apparent earth strain in a variety of different ways. Increasing pressure compresses the wire of the strain meter (in proportion to the bulk modulus of Invar) and hence causes an apparent extension of the ground. This effect is larger than the buoyancy effects on the wire and weight. Atmospheric tides load the land surface and hence produce earth strain tides. Munk & Cartwright (1966) have also shown that atmospheric tides excite oceanic tides at the same frequency but not in phase. These in turn produce earth strain tides. It is therefore clear that the generation of the S , strain tide is considerably more complicated than any other of the tides observed at Queensbury. Though these various effects cannot be separated without more measurements than we have yet made, it is possible to show that the difference between the behaviour of M , and S, is not due to the instrumental effect alone. The effect of pressure on an Invar wire strain meter may be estimated from its construction to be about 10-g/millibar. Fig. 3 shows the strain power spectrum obtained using this response from the pressure variation recorded by the microbarograph. The phase lead of the S , pressure tide to the theoretical S,, K, strain tide is 39". Since the observed value of Irl for S,, K, is less than that for M,, and its phase is greater, the direct effect of pressure on the instrument cannot alone account for the observations. Tables 1 and 2 also show the difference between the models C and D and the original Sydenham instrument. As remarked in I friction in the bearings and in the displacement sensor of the early design causes phase lags and non-linearities. The resulting phase lag may reach 40" for S,. The agreement between the phases for M, from the C and D instruments is excellent and shows this effect is no longer present.
Conclusions
The records from several instruments in Queensbury Tunnel show large variations in the amplitude of the diurnal tide along the tunnel. Smaller variations in the amplitude of the semi-diurnal tides and in the phase of both types of tide may also be present, but are not yet established. The large variation of the diurnal tides is not instrumental, and is the result of their suppression near the mid point of the tunnel. The only plausible explanation is in terms of local inhomogeneities, resulting from local geology, coal mining operations near the tunnel or poor coupling of the tunnel lining to the surrounding rock. More observations in this and other tunnels are planned to discover whether anomalies of the type found in Queensbury are widespread and to determine their origin, Since several parallel measurements are necessary to reveal whether or not strain fields are effected by local conditions, it would seem hazardous to interpret earth strain data from single isolated strain meters. Certainly, it is not difficult to envisage that some of the anomalous results obtained by workers in the field of strain measurement may be attributed to interpreting data which has been effected in a similar way to data from Queensbury.
